In a more general electroweak theory, there could be Higgs particles that are odd under CP , and also Higgs-like particles which are not eigenstates of CP . We discuss distributions which for the Bjorken process are sensitive to the CP parity. Correlations among momenta of the initial electron and final-state fermions yield this kind of information. We discuss also observables which may demonstrate presence of CP violation and identify a phase shift δ which is a measure of the strength of CP violation in the Higgs-vector-vector coupling, and which can be measured directly in the decay distribution. We present Monte Carlo data on the expected efficiency, and conclude that it is relatively easy to determine whether the produced particle is even or odd under CP . However, observation of any CP violation would require a very large amount of data.
Introduction
One of the main purposes of accelerators being planned and built today, is to elucidate the mechanism of mass generation. In the Standard Model mass is generated via an SU (2) Higgs doublet, associated with the existence of a Higgs particle, whereas in more general models there are typically several such Higgs fields, and also more physical particles.
Another fundamental issue is the origin of CP violation. While this question will be studied in considerable detail at the SLAC B-Factory and at other dedicated B-physics experiments, there is of course the possibility that CP violation may be related to the Higgs sector, as first suggested by Weinberg [1] . Therefore, when some Higgs candidate is discovered, it will be important to determine it properties under CP .
In the context of Higgs production via the Bjorken mechanism [2] , we shall here consider how angular distributions may serve to disentangle a scalar Higgs candidate from a pseudoscalar one. In trying to probe the uniqueness of the scalar character of the Higgs boson as provided by the Standard Model, we have to confront its predictions with those provided by possible extensions of the Standard Model. Next, by allowing for CP violation in the Higgs sector, we briefly discuss some possible signals of such effects. While the Standard Model induces CP violation in the Higgs sector at the one-loop level provided the Yukawa couplings contain both scalar and pseudoscalar components [3] , we actually have in mind an extended model, such as e.g., the two-Higgs-doublet model [4] .
Below we postulate an effective Lagrangian which contains CP violation in the Higgs sector. In cases considered in the literature, CP violation usually appears as a one-loop effect. This is due to the fact that the CP -odd coupling introduced below is a higherdimensional operator and in renormalizable models these are induced only at loop level.
Consequently we expect the effects to be small and the confirmation of presence of CP violation to be equally difficult. CP non-conservation has manifested itself so far only in the neutral kaon system. In the context of the Standard Model this CP violation originates from the Yukawa sector via the CKM matrix [5] . Although there may be several sources of CP violation, including the mixing matrix, we will here consider a simple model where the CP violation is restricted to the Higgs sector and in particular to the coupling between some Higgs boson and the vector bosons. Specifically, by assuming that the coupling between the Higgs boson H and the Z has both scalar and pseudoscalar components, the most general coupling for the HZZ-vertex relevant for the Bjorken process may be written as [6, 7] 
with k j the vector boson momentum, j = 1, 2. The first term is the familiar CP -even
The second term stems from the dimension-5
The last term is CP odd and originates from the dimension-5 operator ǫ µνρσ Z µν Z ρσ H. Simultaneous presence of CP -even and CP -odd terms leads to CP violation, whereas presence of only the last term describes a pseudoscalar coupling to the vector bosons. The higher-dimensional operators are radiatively induced and we may therefore safely neglect the contribution from the second term. This is due to the fact that CP -violating effects always arise from interferences and since loops in the Standard Model are already suppressed, we conclude that only new CP -violating effects that interfere with Standard Model tree amplitudes are potentially significant. The strength parameter η may in general be complex, with Im η describing the absorptive part of the amplitude arising from final-state interactions.
Related studies have been reported by [6, 7, 8, 9] in the context of how to discriminate CP eigenstates. However it should be noted that our study takes advantage of the azimuthal angular distributions similar to the correlations between decay planes involving scalar and pseudoscalar Higgs bosons [10] , including Monte Carlo data on the expected efficiency. In the context of CP violation, related studies have been reported by [7] .
Distinguishing CP eigenstates
We compare here the production of a Standard-Model Higgs (h = H) with the production of a 'pseudoscalar' Higgs particle (h = A) via the Bjorken mechanism,
The couplings of H and A to the vector bosons are given by retaining only the first and last term in (1.1), respectively.
Let the momenta of the two final-state fermions and the initial electron (in the overall c.m. frame) define two planes, and denote by φ the angle between those two planes (see eq. (2.8) below). Then we shall discuss the angular distribution of the cross section σ,
both in the case of CP -even and CP -odd Higgs bosons.
The fermion-vector couplings are given by g V and g A . As a parameterization of these, we define the angles χ by
In the present work, the only reference to these angles is through sin 2χ (see table 1 of ref. [10] ). The differential cross section can then be written as
with √ s the c.m. energy and dLips(s; q 1 , q 2 , q 3 ) denoting the Lorentz-invariant phase space.
Furthermore, N 1 is a colour factor, which is three for quarks, and one for leptons. The momentum correlations are in the massless fermion approximation given by
with sin 2χ and sin 2χ 1 referring to the initial and final fermions, respectively, and where
The normalization in eq. (2.4) involves the function
with
Finally, m Z and Γ Z denote the mass and total width of the Z boson, respectively.
We first consider angular correlations of two planes, one spanned by the incident electron momentum (p 1 ) and that of the final-state vector boson (Q), and the other one spanned by the two final-state fermions (q 1 and q 2 ). Hence, we define the angle φ by
Integrating the Higgs production cross section (2.4) over the polar angle of the vector boson (or Higgs) momentum, as well as over the way the energy is shared between the two fermions, we find
with azimuthal distributions given by the expressions A more inclusive distribution is obtained if we integrate over the invariant mass of the final state fermion pair. Thus, let us consider
The distributions of eq. (2.2) take the form
We shall consider the case when the energy is large enough to allow both the Higgs and the Z decaying to fermions to be on their mass shells. We may then use the narrow-width approximation, effectively setting
At very high energies, λ(s, m Experimentally, however, one faces the challenge of contrasting two angular distributions with a restricted number of events and allowing also for background. We shall here focus on the intermediate Higgs mass range; more specifically, we consider m < ∼ 140 GeV where the Higgs decays dominantly to bb. The main background will then stem from e + e − → ZZ and also e + e − → Zγ, γγ. The cleanest channel for isolating the Higgs signal from the background is provided by the µ + µ − and e + e − decay modes of the Z boson.
Let us next limit consideration to the energy range √ s = 300 − 500 GeV, as appropriate for a linear collider [11] , henceforth denoted NLC. We impose the reasonable cuts and constraints described in [8] ; e.g. 
whereas for the CP -odd case
In order to demonstrate the potential of the NLC for determining the CP of the Higgs particle, we show in fig. 2 the result of a Monte Carlo simulation. For this purpose we have used PYTHIA [12] , suitably modified to allow for the CP -odd case. The statistics correspond to 3 years of running 1 using both the µ + µ − and e + e − decay modes of the Z boson. This yields about 200 events in these channels. As already stated, the α in (2.14)
is small, and although the cut b = 0.6 makes α increase as shown in (2.15), the cos φ term is still too small to show up in the Monte Carlo simulation. For √ s = 300 GeV and m H = 125 GeV, the 'bare' prediction (2.14) for β is 0.12, but the cut b = 0.6 increases it slightly to 0.14. Similarly, the '-1/4' of (2.13) changes significantly to -0.39. Consequently, the cut makes it easier to discriminate between the CP -even distribution and the CPodd one. From fig. 2 term is more than 4 standard deviations away from the corresponding coefficient for the CP = −1 case. Using likelihood ratios, as described in [13] , for choosing between the two hypotheses of CP even and CP odd, we find that less than 3 years of running suffices if we require a discrimination by four standard deviations.
An alternative test has recently been suggested by Arens et. al. [14] in the context of Higgs decaying via vector bosons to four fermions, where one studies the energy spectrum of one of the final-state fermions. Applying this idea to the Bjorken process one would study the energy distribution of an outgoing fermion, e.g. µ − or e − . Introducing the scaled lepton energy, x = 4E l − / √ s, l = µ, e, we shall consider the energy distribution of the cross section with respect to this final-fermion energy,
both in the case of CP -even and CP -odd Higgs bosons. In the narrow-width approximation we find
where λ = λ (s, m 2 Z , m 2 ). The range in x is given by x − ≤ x ≤ x + , with
In this case there is a non-trivial dependence on the c.m. energy and the Higgs mass, also for the CP -odd case. A representative set of energy distributions is given in fig. 3 for the case e + e − → µ + µ − h for both LEP2 and NLC energies. There is seen to be a clear difference between the CP -even and the CP -odd cases. Before we turn to the Monte-Carlo simulations, we shall impose the cut | cos θ Z | ≤ b, as in the case of angular correlations.
This cut modifies eq. (2.19) so that
whereas the CP -odd distribution is independent of any cut in cos θ Z . Of course the total cross section scales with b.
In fig. 4 we show the result of a Monte-Carlo simulation for the energy distribution In the CP -odd case the fit gives 1.6 ± 0.3, −2.2 ± 0.7, and 1.1 ± 0.4 for the predictions 1.5, −2.1 and 1.1, respectively, with χ 2 = 0.6. Also in this case a three-year data sample is enough to reproduce the predicted energy distributions. An analysis of the likelihood ratios demonstrates that less than 3 years of running is sufficient if we require the correct answer with a discrimination by four standard deviations, but more events seem to be required than in the case of angular distributions.
CP violation
As previously mentioned, if we allow for both the Standard-Model and the CP -odd term in the Higgs-vector coupling (1.1), then there will be CP violation. This situation will be discussed here. It is similar to the case of Higgs decay discussed elsewhere [15] . We discard the higher-dimensional CP -even term for the reasons stated in the Introduction. 
The new momentum correlations are in the massless-fermion approximation given by
where
The term W 2 of eq. (3.1), like Z 2 of eq. (2.5), vanishes under integration over the polar angle.
The distribution corresponding to (2.9)-(2.10) can be written compactly as
with a modulation function
and an angle
describing the relative shift in the angular distribution of the two planes, due to CP violation. This rotation vanishes at the threshold for producing a real vector boson (where λ = 0) and, even for a fixed value of Re η, grows with energy (because of the √ λ-factor).
As discussed in the Introduction, the contribution from terms of order (Im η) 2 may safely be neglected. However, the compact result (3.4) is valid for any Re η. We will comment on how to probe Im η later.
This relation (3.6) can be inverted to give for the CP -odd term in the coupling:
This result (3.4) is completely analogous to the one encountered for the decay of Higgs particles, eq. (12) of [15] , if we interchange φ and π − φ.
Above threshold for producing a real vector meson accompanying the Higgs particle,
we may integrate over s 1 in the narrow-width approximation. Imposing the cut | cos θ Z | ≤ b, the distribution of eq. (2.2) takes the compact form 9) and ρ and δ given by eqs. along the lines suggested in [15] .
A representative set of angular distributions is given in fig. 5 for a broad range of Re η values. We have considered a Higgs boson of m = 200 GeV accompanied by a µ + µ − -pair in the final state, produced at √ s = 500 GeV. We observe that for Re η < ∼ 0.1 and Re η > ∼ 5, the deviations from the CP -even and CP -odd distributions, respectively, are small. Experimentally it will be very difficult to disentangle two distributions which differ by such a small phase shift. This should be compared with the situation in fig. 1 and   fig. 2 .
We note that the special cases η = 0 and |η| ≫ 1 correspond to the CP even and CP odd eigenstates, respectively. Hence, the distribution (3. 
since, in this case, only the W 2 -term in (3.1) gives a non-vanishing contribution. The energy-weighted differential cross section makes no reference neither to the CP -even nor to the CP -odd results, but is proportional to Im η which describes the absorptive part of the amplitude. A study of the above asymmetry thus allows us to probe for final state interactions and CP violation in the Bjorken process.
Summary and concluding remarks
We have addressed the problem of estimating the amount of data needed in order to distinguish a scalar Higgs from a pseudoscalar one at a future linear collider. We have argued that this is most likely not possible at LEP2. However, we have demonstrated that one will be able to establish the scalar nature of the Higgs boson at the Next Linear
Collider from an analysis of angular and energy correlations. This study has been carried out for the case √ s = 300 GeV, m = 125 GeV. Similar results are expected in other cases as long as the background is small. In cases where the background can not be significantly suppressed a more dedicated study would be required.
In order to establish or rule out specific models, one will also need to compare different branching ratios, in particular to fermionic final states. The methods proposed above instead deal with quite general properties of the models. 
